Abstract. The semi-empirical and semi-theoretical method was adopted to simulate the response of gas continuous buried pipelines subjected to Rayleigh wave propagation. Using two earthquake damage states and normal distribution assumption, seismic failure probabilities of pipelines were calculated. The weighted statistical average method was introduced to estimate seismic failure probability of pipeline network. The relations between seismic failure probability, earthquake damage grade and seismic risk level for pipeline network were presented to determine earthquake damage grade and earthquake damage level with respect to seismic intensity. According to the results of numerical example, it is concluded that the gas buried pipelines and its network due to Rayleigh wave propagation effects have high seismic failure risk under seismic intensity above grade Ⅶ.
Introduction
The utility lifelines, such as water, gas, electric power, communication systems and so on, are highly vulnerable during earthquake. Among them, buried pipelines were always severely damaged in every historical great earthquake [1] [2] [3] [4] [5] [6] . Damage and disruption of buried pipelines may cause detrimental effects on social life as it may lead to major economic losses [7] . And leakages of gas lifelines may have a strong impact on environment and their induced secondary disasters, like fire and explosion, may seriously threaten the safety of civil life and property and the social order of normal production and life. Failure and secondary disasters of gas pipelines also increase the difficulties of rehabilitation, post-earthquake relief and reconstruction. In consequence, it is great necessary to analyze the seismic risk of gas pipeline network.
The earthquake safety of buried pipelines continues to attract to the attention of both researchers and practitioners. Their important characteristics are that they cover large areas and are in complex geo-environment [8] . To evaluate the response of a buried pipeline arising from ground shaking, many researchers have carried out a large number of studies on practical methods during the last five decades, since the late 1960s when Newmark [9] and Sakurai and Takahashi [10] proposed their simplified analytical methods. And an agreement on utilizing a semi-empirical and semi-theoretical method is reached for seismic design and estimating responses of buried pipelines due to seismic wave propagation. The method is based on maximum axial strain as neglects the relatively unimportant inertia force effect and the relatively small bending strain of a buried pipeline due to the restraint of its surrounding media.
Seismic waves include body and surface waves. As compared to body waves, surface waves have a much lower wave propagation speed and cause higher ground strain. That is to say surface waves have more hazardous to buried pipelines than body waves [11] . That has been verified by 1985 Mexico earthquake, during which the water supply pipelines were severely damaged by surface wave propagation effects [12] . For surface waves, only Rayleigh waves are considered since Rayleigh waves induced axial strain in pipeline is significantly higher than Love waves induced bending strain.
And as a general rule, Rayleigh wave is considered for the sites having epicentral distance more than five times focal depth [13] .
The purpose of this study is to investigate the seismic risk of gas buried pipeline network with respect to different seismic intensities subject to Rayleigh wave propagation. The semi-empirical and semi-theoretical method is used for calculating the maximum axial strain or stress of each buried pipeline. Because of gas supplying operation with leakages of pipelines being not allowed, earthquake damages of pipeline are set as having two states, intactness and failure. And with the assumption of normal distribution for seismic demands and resistances, the seismic failure probability of a pipeline is computed to evaluate its seismic risk. The weighted statistical average method is introduced to estimate the seismic failure probability of buried pipeline network. And the relations between failure probability, damage grade and risk level are presented to determine the seismic risk of pipeline network in respect of seismic intensity.
Probability Analysis Method
The strain of a buried pipeline due to seismic wave propagation is mainly induced by the relative displacement of the surrounding soil, and its axial strain is bigger than others. If the sliding at soil-pipe interface is ignored, the simplified analysis method to wave propagation assumes that the strain of pipeline is equal to the free field strain.
Maximum Axial Strain and Stress
Due to Rayleigh wave propagation, maximum strain of free field in the axial direction of pipeline is
where, εgmax is the maximum strain of free field in the axial direction of pipeline; Vmax is the maximum velocity of free field, or peak ground velocity (PGV); CR is the Rayleigh wave velocity at the pipe location; Cs is the average shear wave velocity of surface soil.
Actually, there is a certain slip at soil-pipe interface due to stiffness' remarkable difference between pipeline and soil. A conversion factor should be defined so as to account for the relation between the maximum strain of pipeline and soil in the axial direction of pipeline. The maximum axial strain of pipeline is expressed as [14] 
where, εpmax is the maximum axial strain of pipeline; ξ is the conversion factor obtained from empirical statistics method; E is the elastic modulus of pipeline material, MPa = N/mm 2 ; A is the cross-sectional area of pipeline, mm 2 ; D is its inside diameter, mm; τ is its wall thickness, mm; L is the shear wave length, mm; Cs is the shear wave velocity, mm/s; Tg is the characteristic period of the site of buried pipeline, s; K1 is the soil resistance per unit length in axial direction, N/mm 2 ; k1 is the soil resistance per unit area in axial direction, and obtained from experiment or assigned to 0.06 without experimental data, N/mm 3 . In gas supplying operation, there are initial stresses in the pipeline, such as vertical soil pressure, internal operating pressure and stress due to temperature change, etc. Since the pipelines are typically buried at shallow depth (1-3 m) below ground surface, vertical soil pressure is much smaller than internal operating pressure in trunk pipelines. And the temperature change in the pipe between at the time of operation and installation is assumed as zero. As a consequence, only the initial stress due to internal operating pressure is considered with the following equation:
where, εoper is the initial stress due to internal operating pressure; υ is Poisson's ration (generally taken as 0.3 for steel); P is maximum internal operating pressure of pipeline; εmax is maximum axial strain of pipeline due to seismic wave propagation and internal operating pressure.
For the safety requirement of gas supply system, the elastic constitutive relation is adopted for the continuous steel pipeline. So the maximum axial stress of pipeline is
where, σmax is the maximum axial stress of pipeline.
Seismic Failure Probability of Pipeline
The deformation of buried pipelines mainly depends on PGV and Rayleigh wave velocity of free field (see Eq. 1). These two parameters are influenced by a variety of complex factors, and have obvious randomness. Therefore, they should be taken as random variables, and the failure likelihood of buried pipelines is analyzed by probability method.
The seismic failure probability can be obtained by calculating the reliability of pipeline. For not allowing gas supply operating with leaked pipelines, two states are adopted for earthquake damage grades of gas pipelines, intactness and failure with the following descriptions: 1) Intactness: pipeline structure is intact, and strain or stress of pipeline is less than allowable strain or stress, with no leakages. 2) Failure: strain or stress of pipeline is more than allowable strain or stress, and pipeline begins to leak.
The limit state equation of pipeline in intactness state is
where, R is the allowable strain or stress of gas buried pipeline; Su is its stain or stress subject to Rayleigh wave propagation; Zu is the function of pipeline states: Zu≥0 represents pipeline is intact with no leakages, and Zu<0 means pipeline is fail with leaks. Both resistance R and seismic demand S are assumed to obey normal distribution, and the state function Z also obeys normal distribution. In consequence, the probabilities of two states of pipelines have the following expression:
1) Probability of pipeline in intactness state:
2) Probability of pipeline in failure state:
where, Φ(·) is standard normal distribution function; μ and σ represent mean value and standard deviation in respect of R and S, respectively. The mean value and standard derivation of resistance R are
where, [R] is the allowable strain or stress of pipeline material; δ is reduction factor. The distinguished method of earthquake damage grades is presented as follows:
Failure:
Seismic Failure Probability of Pipeline Network
The failure probability of individual pipeline can be given from the above equations. For understand what about the overall risk level of pipeline network for a relatively independent zone of a city or town, the weighted statistical average method is introduced with pipeline length as statistical weight. The seismic failure probability of pipeline network is expressed as
where, f p is the failure probability of pipeline network; fi p is the failure probability of ith pipeline;
Li is the length of ith pipeline; n is the number of pipelines belonging to the network. In this study, the relations between seismic failure probability, earthquake damage grade and seismic risk level are presented and denoted in Table 1 . Some pipelines leaks as a few pipelines breaks. Gas supplying is suspended and damaged pipelines need to be emergently repaired.
Lots of pipelines leaks as some pipelines breaks. Gas supplying is stopped for a long time and pipeline network needs to be heavy repaired and a few regional networks need to be reconstructed.
A great number of pipelines leaks as lots of pipelines breaks. Gas supplying is stopped forever and pipeline network needs to be completely reconstructed.
Numerical Example
The relatively independent zone of gas pipeline network for this study is selected from a western city of China. All fourteen main pipelines are continuous buried steel pipes, and their properties and engineering data were obtained, as summarized in Table 2 . The yield stress of steel material is used as its ultimate stress. According to the seismic microzonation report, the site type is type Ⅱ, the average value of measured shear velocity Cs in 3 m depth of surface soil is about 300 m/s, the characteristic period Tg of the site of buried pipeline is 0.4 s and the Poisson's ratio for steel is 0.3, as detailed in Table 3 . The Rayleigh wave velocity CR, the reduction factor δ and the soil resistance per unit area in axial direction k1 are shown in Table 3 . For evaluating the earthquake damage grade and the seismic risk level, PGV in respect of seismic intensity are denoted in Table 4 . The maximum stress and seismic failure probability of each gas pipeline are calculated using Eq. 10 and Eq. 13, and the values of failure probability are shown in Table 5 . And the failure probability values of gas pipeline network are calculated using Eq. 18, as denoted in Table 6 . Note: SFP-seismic failure probability.
Results and Discussion
According to Table 1, Table 5 and Table 6 , the seismic damage grades of each gas pipeline and pipeline network are given under different seismic intensities, as denoted in Table 7 and Table 8 , respectively. 
Individual Pipeline
Individual gas buried pipeline has two earthquake damage grades, intact and failure, in this study. On the damage grades, it can be seen from Table 7 , all of the individual pipelines are intact with respect to seismic intensity in grade Ⅵ and Ⅶ, minority of the pipelines are intact as others are failure due to seismic intensity in grade Ⅷ (PGA=0.20g), and all of the pipelines are failure under seismic intensity in grade Ⅷ (PGA=0.30g), Ⅸ and Ⅹ, respectively. The estimated results show that the pipelines have higher seismic failure risk when seismic intensity exceeds grade Ⅶ and the seismic design of the pipelines meets the demands of the city with fortification intensity in grade Ⅶ. The results can be useful for gas engineers.
Pipeline Network
Pipeline network has five earthquake damage grades. From Table 8 , it can be seen that the earthquake damage grades of the pipeline network are intact, intact, intact, moderate damage, destroy, destroy and destroy in respect of seismic intensity in grade Ⅵ, Ⅶ (PGA=0.10g), Ⅶ (PGA=0.15g), Ⅷ (PGA=0.20g), Ⅷ (PGA=0.30g), Ⅸ and Ⅹ, respectively. The results show that the pipeline network has moderate damage risk with possibility of damage ratio between 1.5 and 4.0 per 10 km and gas supplying being suspended for emergently repairs in intensity grade Ⅷ (0.20g), as it has destroyed damage risk with possibility of damage ratio above 10 per 10 km and gas supplying being stopped for regional or completely reconstruction in intensity grade Ⅷ (PGA=0.30g), Ⅸ and Ⅹ. The results will provide the reference information for the government decision makers and the public.
Conclusions
To study seismic risk of gas buried pipeline network subject to Rayleigh wave propagation with respect to seismic intensity, the semi-empirical and semi-theoretical method is used for calculating maximum strain or stress of a pipeline, and two damage states and normal distribution are selected for computing seismic failure probability of a pipeline, and the weighted statistical average method is introduced to calculate seismic failure probability of pipeline network from the estimated results of all of the individual pipelines. In terms of the relationships between seismic failure probability, earthquake damage grade and seismic risk level for pipeline network presented in this study, the results of numerical example show that the gas buried pipelines and its network due to Rayleigh wave propagation effects have high seismic failure risk under seismic intensity above grade Ⅶ.
